NbN x layers were deposited by reactive magnetron sputtering on MgO(001) substrates in 0.67 Pa pure N 2 at T s = 600-1000°C. T s ≥ 800°C leads to epitaxial layers with a cube-on-cube relationship to the substrate: (001) NbN ||(001) MgO and [100] NbN ||[100] MgO . The layers are nearly stoichiometric with x = 0.95-0.98 for T s ≤ 800°C, but become nitrogen deficient with x = 0.81 and 0.91 for T s = 900 and 1000°C. X-ray diffraction reciprocal space maps indicate a small in-plane compressive strain of −0.0008 ± 0.0004 for epitaxial layers, and a relaxed lattice constant that decreases from 4.372 Å for x = 0.81 to 4.363 Å for x = 0.98. This unexpected trend is attributed to increasing Nb and decreasing N vacancy concentrations, as quantified by first-principles calculations of the lattice parameter vs. point defect concentration, and consistent with the relatively small calculated formation energies for N and Nb vacancies of 1.00 and −0.67 eV at 0 K and −0.53 and 0.86 eV at 1073 K, respectively. The N-deficient NbN 0.81 (001) layer exhibits the highest crystalline quality with in-plane and out-of-plane x-ray coherence lengths of 4.5 and 13.8 nm, attributed to a high Nb-adatom diffusion on an N-deficient growth front. However, it also contains inclusions of hexagonal NbN grains which lead to a relatively high measured hardness H = 28.0 ± 5.1 GPa and elastic modulus E = 406 ± 70 GPa. In contrast, the nearly stoichiometric phase-pure epitaxial cubic NbN 0.98 (001) layer has a H = 17.8 ± 0.7 GPa and E = 315 ± 13 GPa. The latter value is slightly smaller than 335 and 361 GPa, the isotropic elastic modulus and the [100]-indentation modulus, respectively, predicted for NbN from the calculated c 11 = 641 GPa, c 12 = 140 GPa, and c 44 = 78 GPa. The electrical resistivity ranges from 171 to 437 μΩ cm at room temperature and 155-646 μΩ cm at 77 K, suggesting carrier localization due to disorder from vacancies and crystalline defects.
Introduction
Transition metal nitrides have many useful physical properties such as a high hardness, chemical inertness, corrosion resistance, excellent thermal stability and electrical resistivities which vary from metallic to semiconducting [1] [2] [3] [4] [5] [6] [7] . As a result, they are widely used as hard wear-resistant coatings, diffusion barriers, and optical thin films [3, 4] . Niobium nitride (NbN) has not been studied as extensively as some other transition metal nitrides like TiN. However, it has attracted considerable attention due to its high superconducting transition temperature of 17.3 K [8] , and its related potential applications in superconducting electronics including single-photon detectors and tunnel junctions [9, 10] . In addition, NbN has potential as a hard protective coating [11, 12] . Therefore various researchers have studied the microstructure and mechanical properties of NbN coatings deposited using ion beam assisted deposition [13] , pulsed laser deposition [14] , cathodic arc deposition [11, 12] , and reactive magnetron sputtering [15] [16] [17] [18] [19] . Deposition using a high ion flux, as obtained by unbalanced magnetron sputtering results in a strong 111 preferred orientation [20] , and increasing the nitrogen partial pressure in a Ar/N 2 mixture during deposition leads to an increasing N/Nb ratio in the NbN x films from x = 0.61 to 1.06 and a transition from a pure cubic δ-NbN rocksalt structure to a mixed phase structure including a hexagonal δ′In summary, the different microstructures in reported polycrystalline NbN layers strongly affect the measured mechanical properties. Therefore, it is challenging to determine the intrinsic mechanical properties of NbN from existing studies. An effective approach to deconvolute the intrinsic properties from microstructural effects is to perform property measurements on well characterized single-phase epitaxial layers, as has been previously done for TiN(001) [22] , ScN(001) [23] , TaN(001) [24, 25] , HfN(001) [26, 27] , CrN(001) [28] , WN(001) [29] , and CeN(001) [30] . Barnett et al. have reported on superlattice hardening in epitaxial Mo/NbN and W/NbN superlattice films [31, 32] , while the mechanical properties of pure epitaxial NbN(001) layers are not known yet. In contrast, the superconducting properties of epitaxial NbN(001) layers have been studied by various researchers [33] [34] [35] [36] [37] [38] [39] [40] [41] . The most common approaches are the growth on MgO(001) substrates by reactive magnetron sputtering [34, 38, 42] or pulsed laser deposition [43] [44] [45] . Extensive work has been done to optimize growth conditions to maximize the critical temperature for superconductivity T c and achieve a low normal-state resistivity. For example, Wang et al. reported a strong dependence in T c as a function of the total processing gas pressure and the N 2 partial pressure in an Ar/N 2 gas mixture during sputter deposition at room temperature [42] , while Chockalingam et al. studied the effect of sputtering power and N 2 partial pressure during growth at 600°C [34] . In addition, the lattice parameter of the cubic NbN phase has been found to increase with increasing N 2 partial pressure [34, 42, 43, 46] , which can be attributed to a decreasing density of N-vacancies or the possible formation of an ordered phase with both cation and anion vacancies [43, 47] . However, details regarding point defects in NbN are still unclear and motivate the firstprinciples calculations of defect formation energies in our present study. Also, in contrast to the existing investigations on epitaxial NbN(001) that focus primarily on optimizing the superconducting properties, the present work investigates epitaxial NbN(001) as a hard coating material. Correspondingly, opposite to previous studies on NbN(001), growth conditions are chosen in the range commonly used for the epitaxial growth of hard transition metal nitrides, that is, high temperature and pure N 2 gas.
In this paper, we present the results of an investigation on the growth and mechanical properties of epitaxial NbN x layers deposited on MgO(001) by dc reactive magnetron sputtering in 5 mTorr (0.67 Pa) pure N 2 at substrate temperatures T s = 600-1000°C. A combination of energy dispersive spectroscopy (EDS) and x-ray diffraction (XRD) shows that layers grown at T s = 800-1000°C are epitaxial single crystals with an N/Nb ratio x = 0.81-0.98 that depends on T s and causes a decrease in the relaxed lattice constant with increasing x. Firstprinciples calculations of lattice constants vs. point defect density indicate that this decrease can be attributed to increasing Nb and decreasing N vacancy concentrations. Both vacancy types have relatively small formation energies and therefore form due to kinetic constraints during growth. The hardness, elastic modulus, and electrical resistivity are also a function of T s , due to an increasing crystalline quality with T s ≤ 900°C and a considerable N-vacancy concentration for T s ≥ 900°C.
Sample preparation and characterization
The NbN x films were deposited in a load-locked ultrahigh vacuum DC magnetron sputter deposition system with a base pressure of 10 −9 Torr (10 −7 Pa) [48] onto one-side polished 10 × 10 × 0.5 mm 3
MgO(001) wafers that were ultrasonically cleaned in subsequent baths of trichloroethylene, acetone and isopropyl alcohol, rinsed in deionized water, blown dry with dry nitrogen, mounted onto a substrate holder using silver paint, inserted into the deposition system, and degassed for 1 h at 1000°C using a radiative pyrolytic graphite heater [49] . The heater current was adjusted to reach the desired substrate temperature T s = 600-1000°C, as measured with a pyrometer that was cross-calibrated by a thermocouple underneath the substrate holder. 99.999% pure N 2 was further purified with a MicroTorr purifier and introduced into the chamber with a needle valve to reach a constant pressure of 0.67 ± 0.01 Pa (= 5 mTorr), which was measured with a capacitance manometer and was chosen based on the reported range of 0.4-2.7 Pa for growth of epitaxial transition-metal nitride layers in pure N 2 by reactive sputtering [29, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . A 5-cm diameter 99.95% pure Nb target was positioned 9 cm from a continuously rotating substrate at an angle of 45°, and a constant magnetron power of 300 W was applied, yielding a growth rate of 12 nm/min and a layer thickness after 180 min of deposition of 2.2 ± 0.2 μm, as determined using thickness measurements from scanning electron micrographs of crosssectional specimens.
The film composition was determined by energy dispersive spectroscopy (EDS) using a FEI Helios Nanolab scanning electron microscope operated with a 0.69-1.4 nA 5.0 keV primary beam and a working distance of 5.0 mm. The spectra were acquired using an Oxford Instruments X-Max N 80 silicon drift detector which is designed to improve on the typically low light-element sensitivity of EDS quantification. This system has been calibrated using the single beam current Oxford Instruments QCAL approach which takes into account width, position, and shape of each peak profile. The quantitative analysis has been tested with Micro-Analysis Consultants Ltd. produced BN and CaSiO3 standards, indicating an accuracy of the measured N-to-metal ratios of ±2.3%. X-ray diffraction (XRD) was done using a Panalytical X'pert PRO MPD system with a Cu source and a PIXcel line detector. A divergent beam configuration was used for Ω-2θ scans, while Ω-rocking curves were acquired with an incident parallel beam using an x-ray mirror and limiting the detector receiving angle to 0.27°. XRD ϕ scans were obtained in the parallel-beam mode with Ω and 2θ angles set to detect the NbN 113 reflections at an Ω-offset of 25.153°. Reciprocal space maps around asymmetric 113 reflections were obtained using a hybrid mirror two-bounce monochromator that provides Cu Kα 1 radiation with a 0.0068°divergence, and a small (~10°) angle between the sample surface and the reflected beam to reduce the beam width which facilitates fast and high-resolution parallel detection over 256 channels in 2θ with the line detector. Nanoindentation measurements were done using a Hysitron Triboindenter with a maximum load of 10 mN. The area function of the triangular Berkovich diamond tip was calibrated using fused silica, following the procedure described in Ref. [62] . Ten indent sequences were applied for each sample. Each loading-unloading curve was evaluated to detect possible anomalies associated with, for example, particle (dust) surface contamination. As a result, a small fraction (b 10%) of outlier curves were excluded from the subsequent data analysis. The resistivity of the coatings was measured using a spring loaded linear four point probe with the sample in air at room temperature (290 K) or immersed in liquid N 2 at 77 K, using a Keithley current source operating at −4.0 to +4.0 mA.
Calculations

Computational approach
First-principles density functional calculations were performed using the Vienna ab initio simulation package (VASP), employing periodic boundary conditions, a plane wave basis set, the Perdew-BurkeErnzerhof generalized gradient approximation exchange correlation functional [63] , and the projector-augmented wave method [64] . All computational parameters are chosen such that calculated total energy differences are converged to within 1 meV/atom. This includes a 500 eV cut-off energy for the plane-wave basis set expansion and a Γ-centered 20 × 20 × 20 k-point grid for an 8-atom conventional unit cell. Nb 4s, 4p, and 4d electrons are explicitly calculated, that is, they are not included in the core of the pseudo potential. Rocksalt niobium nitride NbN x with x = 0.75-1.0 was simulated using a cubic supercell with 32 Nb atoms and 24-32 N atoms that were randomly distributed on anion sites. Atomic positions were relaxed until an energy convergence of 10 −4 eV was reached, while keeping the lattice parameter and unit cell shape fixed. Multiple calculations with different lattice parameter are used to determine the relaxed lattice constant and corresponding energy for a given x by fitting the calculated energy vs. lattice parameter (0.1 Å range, 0.01 Å steps) with a second order polynomial. The formation energy ΔE of various defects, including N and Nb vacancies, anti-site substitutions, and N interstitials were determined using conventional unit cells, and are expressed relative to the zerotemperature energies E Nb4N4 and E N2 of a defect-free 8-atom conventional NbN unit cell and an N 2 molecule in a 40 × 40 × 40 Å cube for which the N-N distance was relaxed, respectively. That is,
where E defect_structure is the calculated energy of a unit cell containing the defect, n Nb and n N are the number of Nb and N atoms in this cell, and μ Nb = ¼ (E Nb4N4 − 2E N2 ) and μ N = ½E N2 are the chemical potentials of an Nb and an N atom. Every calculated energy corresponds to the minimum of an energy vs. lattice parameter curve, obtained by a parabolic fit through energies calculated for different lattice parameters. These curves provide also values for the relaxed lattice constant of a unit cell containing a defect, which are used in the next section to interpret measured lattice constants. We note here that conventional unit cells containing a single vacancy or an antisite substitution exhibit symmetry which results in no atomic relaxation. In contrast, the unit cell containing an N interstitial requires atomic relaxation, primarily to determine the N-N bond length and orientation on the anion site. Also, all supercell calculations require atomic relaxation.
The three independent elastic constants c 11 , c 12 and c 44 are determined by applying a set of strains to the conventional unit cell, and fitting second order polynomial functions to the calculated elastic energy vs. strain. In particular, c 11 is determined from tensile and compressive ± 1-3% strains along [001], c 12 is calculated from the bulk modulus B using c 12 = (3B − c 11 )/2 [7] with B being obtained from a fit of the calculated energy vs. lattice constant, and c 44 is determined using a 1-7% shear strain along [100]. Data fitting using higher (3rd-6th) order functions was employed to estimate the magnitude of nonlinear effects, which were found to be small and cause a negligible (1%) uncertainty to the reported elastic constants. Table 1 is a list of the calculated lattice constants and defect formation energies. The predicted relaxed lattice constant for stoichiometric defect-free rock-salt NbN is 4.419 Å, which is 1.0% larger than the previously reported NbN lattice constant of 4.377 Å (JCPDF 04-004-7058) but agrees well with 4.422 Å from previous predictions using the generalized gradient approximation [65] . The deviation from experiment may be attributed to the generalized gradient approximation, which is known to overestimate lattice constants [66] , but may also be related to the presence of both N-and Nb-vacancies, which reduce the measured lattice constant, as discussed below when presenting the experimentally measured values.
Computational results
A conventional unit cell containing 4 Nb and 3 N atoms is used to simulate an N-vacancy. This calculation, which corresponds to NbN 0.75 has a lattice constant of 4.379 Å, in good agreement with the previously reported 4.382 Å [65] . The calculated value of 4.379 Å is 0.9% smaller than the calculated value for stoichiometric NbN and suggests, using a linear interpolation, a predicted a = (4.259 + 0.160x) Å as a function of nitrogen content for NbN x . This is in good agreement with extensive simulations using a 2 × 2 × 2 super cell containing 32 Nb atoms and 24-32 N atoms which are randomly distributed on anion-sites and relaxed to their equilibrium positions. The calculated lattice constants for each composition, corresponding to 24, 25, 26, …, 32 N atoms, indicate a linear composition dependency with a = (4.259 + 0.159×) Å, in excellent agreement with the prediction from the conventional unit cell. This good agreement suggests that the arrangement of vacancies on the anion sublattice and the corresponding lattice relaxation has only a minor or negligible effect on the predicted lattice constant, and justifies the use of the relatively small conventional unit cell, which is used in the following for all calculations, providing consistency in the approach and limiting computational requirements particularly in the determination of elastic constants.
Correspondingly, the Nb-vacancy was simulated using a cubic unit cell containing 3 Nb and 4 N atoms, yielding a lattice constant of 4.301 Å for NbN 1.33 . Likewise, an Nb or N-antisite substitution where an Nb atom replaces an N atom on an anion site, or vice-versa, results in a = 4.744 or 4.368 Å for 8-atom unit cells containing 5 Nb and 3 N atoms corresponding to NbN 0.6 , or 3 Nb and 5 N atoms corresponding to NbN 1.67 , respectively. The N-interstitial is most stable on the tetrahedral site. The corresponding unit cell with 4 Nb and 5 N atoms has a lattice constant of 4.605 Å for NbN 1.25 .
The defect formation energies ΔE listed in Table 1 correspond to the zero-temperature energy difference between the defect configuration and perfect rocksalt NbN, with off-stoichiometry being accounted for by the calculated N 2 molecule energy, as specified in Eq. (1). The formation energies of N and Nb vacancies are relatively small, 1.00 and −0.67 eV, respectively. In contrast, the other defects including Nb and N antisite substitutions and N interstitials have much larger values of 11.95, 5.72, and 2.17 eV. Thus, we expect these latter defects to have negligible concentrations in NbN x layers deposited in this study and, therefore, do not consider them when discussing the measured lattice constants and elastic constants in the next section of this paper. In fact, we expect negligible Nb antisite substitutions for any realistic experimental conditions while N antisite substitution and/or interstitials may be possible for deposition with highly energetic (N20 eV [23, 67] ) atomic or molecular nitrogen which impinge on the growth surface and are implanted under conditions where out-diffusion to the growth surface is kinetically inhibited.
The negative value of ΔE Nb-vacancy = −0.67 eV suggests that the formation of NbN x with overstoichiometric (x N 1) compositions is energetically favored. This negative value is, however, the result from zerotemperature calculations for the defect structure energy as well as the chemical potentials which are both used in Eq. (1). The largest correction at finite temperatures is due to the large entropy of the N 2 gas, which is not considered when determining μ N , but effectively leads to an increase in ΔE Nb-vacancy and a corresponding decrease in ΔE N-vacancy . In order to estimate these finite temperature effects, we determine in the following a corrected μ N * for our experimental conditions of 800°C and 0.67 Pa: the change in the chemical potential in the vapor phase is due to translational, rotational, and vibrational modes. The characteristic temperatures for N 2 rotational and vibrational modes are 2.86 K and 3340 K [68] . The chemical potential due to the translation, rotational and vibrational modes [68] at 1073 K is −2.84, −0.48 and 0.14 eV, respectively, where the latter value corresponds to the ground-state vibrational energy since the contribution from thermally activated vibrations of − 0.004 eV is negligible. In the NbN solid phase, we Table 1 Calculated lattice constant a of a conventional NbN unit cell containing no crystalline defect, an N or Nb vacancy, an anti-site substitution defect, or a nitrogen interstitial. ΔE indicates the corresponding zero-temperature defect formation energies while Δ E* is obtained using a corrected chemical potential for equilibrium with a 0.67 Pa N 2 atmosphere at 800°C. approximate an N-atom as a single 3D harmonic oscillator, while the rest of the crystal remains fixed. The characteristic vibrational temperature for this oscillator is estimated to be 844 K, based on the calculated c 11 = 641 GPa which yields a spring constant of 284 N/m. This yields a change in chemical potential [68] of − 0.06 eV, which is the sum of +0.11 eV from the ground state energy and −0.17 eV from thermally activated vibrations. Thus, we obtain a corrected nitrogen chemical potential μ N * = μ N + ½(−2.84 − 0.48 + 0.14) eV − (−0.06) eV = μ N − 1.53 eV. That is, the absolute value of the N chemical potential for our experimental conditions is 1.53 eV larger than the zero-temperature value. We replace μ N with μ N * in Eq. (1) to determine the modified defect formation energies Δ E* for the approximate experimental conditions, as also listed in Table 1 . These values do not include the configurational entropy arising from the spatial arrangement of point defects. Also, they assume thermodynamic equilibrium between the NbN surface and N 2 gas, while all plasma effects including energetic N 2 + -ions and atomic N impinging on the surface as well as temperature gradients within the processing gas are neglected. We also note here that our calculations predict that the stoichiometric hexagonal NbN phase is thermodynamically more stable than rocksalt NbN, with a calculated formation energy for the hexagonal phase that is 0.37 eV per formula unit lower than for the cubic phase. However, our experimental results indicate a clear dominance of the cubic phase, suggesting that kinetic barriers prevent the formation of the hexagonal phase.
The temperature-corrected formation energies Δ E* listed in Table 1 indicate that both N and Nb vacancies in NbN have relatively low formation energies b 1 eV, while antisite substitutions and nitrogen interstitials have Δ E* values N 3 eV and are therefore unlikely, consistent with the zero-temperature results discussed above. However, comparing N and Nb vacancy formation energies, the results are nearly reversed: while zero-temperature leads to a negative Δ E Nb-vacancy = − 0.67 eV and positive Δ E N-vacancy = 1.00 eV, temperature correction results in a positive Δ E* Nb-vacancy = 0.86 eV and a negative Δ E* N-vacancy = − 0.53 eV. That is, low temperature favors Nb vacancies while equilibrium of NbN with a 0.67 Pa N 2 atmosphere at 800°C favors N vacancies. The negative vacancy formation energies should in principle lead to large deviations from stoichiometry, which are not observed in our depositions presented below. Therefore, we believe that the conditions of our experiments effectively yield formation energies somewhere between Δ E and Δ E*, which is attributed to the combined effects of (i) kinetic barriers for N 2 dissociation and/or recombination, (ii) an N 2 atmosphere temperature that is effectively lower than that of the growing NbN layer, and (iii) energetic particles from the plasma including atomic N and N 2 + -ions which impinge on the layer surface and result in collisional dissociation. The presence of atomic N on the growth surface in combination with kinetic barriers that limit thermodynamic equilibration with the N 2 atmosphere effectively increases the nitrogen chemical potential in the gas phase, which, in turn increases ΔE* N-vacancy , possibly to positive values. We note that independent of the exact choice of μ N , the formation energies for both N and Nb vacancies are relatively small and the sum ΔE Nb-vacancy + ΔE N-vacancy = 0.33 eV remains unchanged with changes in μ N . This value effectively corresponds to the formation energy for a Schottky defect. It is only approximately three times larger than kT, confirming that both Nb and N vacancies need to be considered during growth of NbN. We note here that the NbO structure [69] , which can be described as a rock-salt structure with an ordered array of 25% vacancies on both anion and cation sublattices that effectively correspond to a 25% Schottky defect concentration, has been predicted to be less stable than the rock-salt structure for NbN [70] , but is, consistent with our above discussion, nearly as stable as the rock-salt structure for various transition metal nitrides [5] and even becomes the equilibrium structure for some nitrides including WN [5, 71] . directions of E 100 = 591 GPa and E 111 = 216 GPa. These moduli represent the upper and lower bound of the modulus as a function of crystal orientation. One approach to compare the calculated to the experimentally measured elastic modulus, is to assume an isotropic polycrystalline mixture, for which the elastic modulus can be estimated as the Hill's modulus [72] , which is obtained from averaging the Voigt and the Reuss approximations, yielding a calculated isotropic modulus for NbN of E isotropic = 335 GPa. However, the nanoindentation measurements in this study are not done on randomly oriented NbN, but on NbN(001) layers. This causes elastic deformation primarily in the 001 direction, but includes also shear and in-plane compression. Vlassak and Nix [73, 74] 
The introduction of vacancy defects causes a slight reduction in the bulk modulus, by 7% for N vacancies and 5% for Nb vacancies with a vacancy concentration of 25% each, corresponding to NbN 0.75 and NbN 1.33 , respectively. In contrast, the corresponding isotropic elastic modulus increases considerably from 335 GPa for defect-free NbN to 399 GPa for NbN 0.75 containing N vacancies to 457 GPa for NbN 1.33 containing Nb vacancies. The strong increase in E isotropic is not due to a pure strengthening of the bonds, since this would also cause an increase in B. Instead, it is attributed to an increase in the bond directionality with the introduction of vacancies. This is evident from the decrease in c 12 from 140 to 100 GPa, the strong increase in c 44 from 78 to 137 GPa, and the corresponding decrease in the isotropic ν from 0.31 to 0.23, for NbN to NbN 1.33 , respectively.
We now use the calculated results to predict the lattice parameter and elastic constants of NbN x as a function of N and Nb vacancy concentrations. Using the calculated lattice constants in Table 1 and assuming a linear composition dependency, the predicted lattice constant for NbN x is:
where C V N is the concentration of nitrogen vacancies per anion site and C V Nb is the concentration of Nb vacancies per cation site. Similarly, we determine the indentation modulus as a function of point defect density as:
In the following section, Eqs. 
Experimental results and discussion
The nitrogen content is a function of the deposition temperature. In particular, the measured N-to-Nb ratio in 2.0-μm-thick NbN x layers is x = 0.95, 0.97, 0.98, 0.81 and 0.91 for T s = 600, 700, 800, 900 and 1000°C, respectively, with an estimated uncertainty in x of ± 0.02, arising primarily from oxygen and carbon contamination during air exposure prior to compositional analysis, uncertainties due to the difference between the measured spectra and the fitted peak and background, and uncertainties in the instrumental sensitivity factors obtained using calibration with BN and CaSiO 3 standards. Based on the EDS results, the NbN x layers are nearly stoichiometric for T s ≤ 800°C but become nitrogen deficient for T s ≥ 900°C, which is primarily attributed to N vacancies that form during layer deposition by thermally activated recombination and N 2 desorption, as also predicted by our firstprinciples calculations suggesting a decreasing effective N vacancy formation energy with increasing temperature. This result is also consistent with reports on other transition-metal nitrides which are well known to exhibit relatively large single-phase fields, for example, TiN x crystallizes in the NaCl-structure for 0.6 b x b 1.2 [76] . They are also known to become nitrogen deficient if deposited at high temperature including TaN for T s ≥ 400°C [77] , HfN for T s ≥ 650°C [27] , and CrN for T s ≥ 730°C [28] . We note here that the measured N-to-Nb ratio for the NbN x layer grown at 900°C is lower than for T s = 1000°C. This is opposite to the expected trend and is not well understood, but may be related to minor secondary phase inclusions, as discussed below, or can be explained by two competing thermally activated processes, namely (i) the recombination and desorption (as N 2 molecules) of adsorbed atomic N which stem from the energetic deposition flux including sputtered atomic N and collisionally dissociated N 2 + -ions leading to a reduction in x with increasing T s N 800°C, and (ii) thermal dissociation of physisorbed N 2 molecules which increase N incorporation for T s N 900°C. In addition, the temperature dependence of the Nb vacancy concentration, as discussed below, may also affect the kinetics of N incorporation and, in turn, the overall N-to-Nb ratio in the deposited layers. Fig. 1(a) shows a small section of typical Ω-2θ XRD scans from NbN x / MgO(001) layers deposited at T s = 600, 700, 800, 900 and 1000°C. For T s ≤ 700°C, the only feature that is detected over the entire measured 2θ range from 5 to 90°is due to the MgO 002 reflection (not shown), yielding a double peak associated with the Cu Kα 1 and Kα 2 lines. This suggests that these NbN x layers exhibit insufficient long-range crystalline order to be detected by XRD. More specifically, we estimate that the average NbN grain size in these layers is b 3 nm, since larger grains, even if randomly oriented, would yield detectable XRD peak(s), based on the peak intensity detection limit for the given measurement setup of 100 cps, and the fact that epitaxial layers with the same thickness presented below exhibit a 10 5 cps peak with a 0.8°rocking curve width and a 10 nm coherence length. That is, T s ≤ 700°C leads to nanocrystalline NbN layers which may be attributed to a δ-δ′ phase instability that leads to a high stacking defect density which causes continuous grain renucleation. In contrast, the NbN x layer grown at T s = 800°C shows a well developed XRD peak at 41.331°which is attributed to the 002 reflection for cubic NbN, corresponding to an out-of-plane lattice constant a ⊥ = 4.369 Å, determined using the weighted average wavelength 1.5418 Å from the Cu Kα 1 and Kα 2 lines. Increasing T s to 900°C results also in an NbN 002 peak. However, its position is shifted to 2θ = 41.223°, its intensity of I 200 = 4.4 × 10 4 cps is 2.5 times higher than for T s = 800°C, and the peak shape reveals the doublet of the XRD source, indicating a larger crystalline quality and a higher coherence length, as discussed below. a ⊥ = 4.376 Å for this layer is determined using the wavelength 1.54056 Å from the Cu Kα 1 line. In addition, the T s = 900°C spectrum also reveals a 100 times weaker (533 counts) peak at 2θ = 31.732°which is close to the reported 31.738°for the 0004 reflection of hexagonal δ′-NbN (JCPDF 20-0801), indicating that this layer contains inclusions of 0001-oriented hexagonal NbN grains. The T s = 1000°C layer shows no indication of secondary phases but exhibits an intense (I 200 = 9.6 × 10 4 cps) peak at 41.270°which corresponds to a ⊥ = 4.375 Å. Fig. 1(b) shows 002 Ω-rocking curves for NbN films deposited at T s = 800, 900 and 1000°C, exhibiting full widths at half maximum Γ Ω = 2.2°, 0.49°, and 0.79°, respectively. That is, the T s = 900°C layer has the narrowest peak, indicating the lowest mosaicity or highest crystalline quality. Somewhat contrary to this trend, the peak intensity increases monotonously with T s , with the strongest 002 peak for T s = 1000°C, which can be attributed to the absence of secondary phase inclusions for T s = 1000°C, and/or temperature induced changes in the Nand Nb-vacancy concentrations and spatial distributions. These results are fully consistent with the Ω-2θ scans in Fig. 1(a) , which show the narrowest peak for T s = 900°C but the highest intensity for T s = 1000°C. This is illustrated quantitatively in Fig. 1(c) , which is a plot of the in-plane and out-of-plane x-ray coherence lengths, ξ || and ξ ⊥ , which are a measure of the lateral film mosaicity and the mosaicity along the growth direction, respectively. They are obtained from the peak widths Γ Ω and Γ 2θ in Ω-rocking curves and Ω-2θ scans, as described in Ref. [27] . We note that Γ 2θ is determined by deconvoluting the peak broadening from the double peak feature associated with the x-ray source doublet. For example, the narrowest peak in Fig. 1(a) from the T s = 900°C layer has a Γ 2θ = 0.12°. The in-plane and out-of-plane coherence lengths in Fig. 1(c) show comparable trends, with the highest ξ || = 4.5 nm and ξ ⊥ = 13.8 nm for T s = 900°C, 38% and 25% lower values for T s = 1000°C, and the lowest ξ || = 1.0 nm and ξ ⊥ = 5.0 nm for T s = 800°C. These results confirm that the NbN layer deposited at T s = 900°C has the highest crystalline quality. We attribute this to the relatively low N-to-Nb ratio of 0.81, as follows: the substoichiometric composition of this layer is due to a relatively low steady-state N coverage of the growing NbN surface, which in turn, facilitates a large cation surface mobility. This argument is based on the related well studied growth of TiN(001), for which the activation energy for cation diffusion in the absence of N is only 0.35 eV [78] , but if bonded to an N-adatom increases to 1.1 at low N concentration [79] and 1.4 eV and high N concentration [55] , leading to an increase in the Ti adatom mobility and a decrease in the surface roughness from 7.0 to 1.5 Å as x decreases from 1.0 to 0.67 in TiN x [22] . Fig. 1(d) is an XRD ϕ scan from an NbN layer deposited at 800°C, which is typical for all layers with T s = 800-1000°C. It is obtained at fixed 2θ = 71.576°and Ω = 60.941°to detect NbN 113 reflections, using a constant Ω-offset of 25.153°. During the scan, the sample is rotated about its surface normal by the angle ϕ = − 180°to 180°. The plot shows four peaks separated by Δϕ = 90°, indicating an in-plane four-fold rotational symmetry and, together with the results from the Ω-2θ and Ω-rocking curve scans in Fig. 1(a) and (b) , establishes that the NbN layers grow epitaxially on MgO(001) with a cube-on-cube orientational relationship with the substrate: (001) NbN || (001) MgO MgO . Fig. 2 shows the results from XRD reciprocal space maps, which are obtained to determine the strain-state of the NbN x layers. A typical map around an asymmetric 113 reflection obtained from the layer deposited at T s = 900°C is shown in Fig. 2(a) . Diffracted intensity distributions are plotted as isointensity contours in a logarithmic scale such that the spacing between adjacent contours corresponds to an intensity change by a factor of two. They are shown in reciprocal space where the reciprocal lattice vectors parallel and perpendicular to the surface are determined from the experimental Ω and 2θ using k || = 2sinθsin(Ω − θ)/λ and k ⊥ = 2sinθcos(Ω − θ)/λ [80] . The plot shows a maximum with 1.47 × 10 5 cps associated with the MgO 113 reflection, and a peak with 3.5 × 10 3 cps due to the NbN 113 reflection. The inplane a || and out-of-plane a ⊥ lattice parameters are determined from this 113 reflection using a ∥ ¼ ffiffiffi 2 p =k ∥ and a ⊥ = 3/k ⊥ , where the MgO 113 peak position within the reciprocal space is fixed to correspond to the relaxed lattice constant a MgO = 4.212 Å. This yields a || = 4.368 ± 0.003 Å and a ⊥ = 4.374 ± 0.004 Å for this NbN 0.81 layer deposited at T s = 900°C. The latter value is in good agreement with a ⊥ = 4.376 Å from the Ω-2θ scan presented above. We determine the relaxed lattice constant a o = 4.372 ± 0.005 Å using a o = (a ⊥ − νa ⊥ + 2νa || )/(1 + ν), where ν = 0.25 ± 0.04 is the Poisson ratio of NbN, as estimated based on reported values of related transition metal nitrides ν ScN = 0.20 [81] , ν TiN = 0.21 [82] , ν Hf3N4 = 0.26 [83] and ν CrN = 0.29 [84] . This value for ν is also consistent with the range of our predicted values for NbN x which vary with N and Nb vacancy concentration from 0.23-0.31 and 0.13-0.18 for the isotropic and b001N orientation, respectively. As a summary, Fig. 2(b) is a plot of the measured a || and a ⊥ , and the subsequently determined a o , as a function of x for NbN x layers deposited at T s ≥ 800°C. The plot also includes the lattice constants a ⊥ ′, obtained from the Ω-2θ scans presented above, which are in good agreement with the plotted a ⊥ values, determined from the reciprocal lattice maps. All layers are in a state of compressive stress, with an in-plane biaxial strain ε || = (a || − a o )/a o of −0.07 to −0.09%, which is nearly independent of x and/or T s , and is attributed to a combination of differential thermal contraction during cooling from the deposition temperature and the lattice mismatch between the substrate and the layer of 4%.
The relaxed lattice constant decreases from a o = 4.372 ± 0.005 Å for NbN 0.81 to a o = 4.368 ± 0.007 Å for NbN 0.91 to a o = 4.363 ± 0.006 Å for Fig. 1(a) , and a linear fit to the a o values.
NbN 0.98 , following a nearly linear trend with da o /dx = − 0.06 Å, as indicated by the line in Fig. 2(b) . Such a negative slope has also been observed by other researchers [85] and indicates that an increasing Nto-Nb ratio causes a decrease in the lattice constant. This trend is opposite to what would be expected if only considering N vacancies to describe the deviation from stoichiometry in NbN x . In particular, our first-principles calculations on NbN and NbN 0.75 suggest a positive slope of da o /dx = 0.160 Å for the case when nitrogen vacancies are the only defect affecting the lattice parameter. Similarly, considering bcc Nb metal with an atomic volume of 17.97 Å 3 , which corresponds to an estimated fcc-Nb lattice constant of 4.158 Å, we predict using a linear interpolation with a NbN = 4.377 Å (JCPDF 04-004-7058) a positive da o /dx = +0.219 Å. Therefore, consistent with the relatively low formation energy for both N and Nb vacancies presented in Table 1 , we attribute the negative da o /dx to the presence of both types of vacancies, and use Eq. (2) to interpret the measured a o vs. x. More specifically, for each sample, we determine the concentration of N and Nb vacancies using Eq. (2) We attribute the correlation of N and Nb vacancy concentrations to growth kinetics. In particular, similar to the case of TiN [22, 55, 78, 79] , growth conditions which lead to a supersaturation of N-adatoms result in a high nitrogen incorporation probability, that is a low N-vacancy concentration. However, a high nitrogen surface concentration also results in a relatively low Nb adatom mobility which, in turn, makes it less likely for cation sites to be filled by Nb atoms, resulting in a high Nb vacancy concentration. Conversely, deposition conditions with a limited supply of atomic N on the growth surface result in a higher Nb adatom mobility and a more perfect filling of cation sites, corresponding to a lower Nb vacancy concentration. In addition, a high Nb adatom mobility also leads to a higher crystalline quality, as discussed above. Fig. 3 is a plot of the measured hardness H and elastic modulus E of NbN x layers grown on MgO(001) as a function of T s , as determined from nanoindentation measurements. The hardness plotted in Fig. 3(a) is relatively constant at low growth temperatures, with values of 18.8 ± 1.0, 20.7 ± 2.3, and 17.8 ± 0.7 GPa for T s = 600, 700, and 800°C, rises sharply to a maximum H = 28.0 ± 5.1 GPa at T s = 900°C, and then drops back to 15.6 ± 1.1 GPa at T s = 1000°C. The highest H for T s = 900°C may be attributed to the best crystalline quality of this layer. However, the large error bar of this data point, which corresponds to the standard deviation from a total of nine indents, suggests a large non-uniformity for the sample grown at T s = 900°C. This is consistent with our XRD analysis which indicates inclusions of a secondary hexagonal NbN phase in this layer. Therefore, we attribute both the high H as well as the large variation to inclusions of hexagonal NbN, which has been reported to exhibit a 60% higher hardness than the cubic phase [15] . The nearly stoichiometric layers (x = 0.95-0.98) deposited at T s ≤ 800°C show no evidence for a hexagonal phase. They all exhibit approximately the same hardness of~19 GPa, which is comparable to the reported hardness of 20.0 ± 0.8 GPa for epitaxial TiN(001) [86] and 21.1 ± 1.1 GPa for ScN(001) [23] , but lower than 25.2 ± 0.7 GPa for epitaxial HfN(001) [26] , 28.5 ± 1.0 GPa for CrN(001) [28] , and 30.8 ± 0.9 GPa for TaN(001) [56] . In contrast, the understoichiometric NbN 0.91 deposited at 1000°C also contains no hexagonal NbN but exhibits a lower H = 15.6 ± 1.1 GPa. This decrease in H with increasing N vacancy concentration is opposite to the trend reported for TiN x , which has been attributed to the vacancy hardening associated with dislocation pinning at point defects [87] . In contrast, the softening with decreasing x in NbN x may be associated with the increased filling of the 4d bands which reduce the shear modulus and therefore the hardness through enhanced ductility, similar to what has been reported for the V 0.5 Mo 0.5 N system where additional filling of the metal d-bands leads to a reduced shear modulus and an increased ductility [88] . This argument may seem in contradiction with the larger calculated c 44 for NbN 0.75 than for NbN presented in Table 2 . However, the XRD analysis indicates that the Nb vacancy concentration decreases with increasing N vacancy concentration which may be the primary cause for the softening. This is because the Nb vacancy defect is expected to cause a stronger dislocation pinning effect than an N vacancy, based on the calculated c 44 value which is even higher for the unit cell containing an Nb vacancy than that containing an N vacancy, as shown in Table 2 .
The elastic modulus in Fig. 3(b) shows a similar dependence on T s as the hardness. It increases from 256 ± 8 GPa for T s = 600°C to a maximum E = 407 ± 70 GPa for T s = 900°C, and drops back to E = 319 ± 19 GPa for T s = 1000°C. The high E value for T s = 900°C may be due to the hexagonal inclusions in that sample, while the low E for the polycrystalline layer deposited at T s = 600°C may be associated with the low structural order that leads to no detectable XRD peak, suggesting a high degree of bonding disorder which result in a low stiffness. The two phase-pure epitaxial NbN x layers deposited at T s = 800 and 1000°C exhibit nearly the same E = 315 ± 13 and 319 ± 19 GPa, respectively. This seems initially surprising because their N/Nb ratio of x = 0.98 and 0.91 is different, and the predicted indentation modulus M 100 increases considerably with an increasing N vacancy concentration, as shown in Table 2 indentation modulus for both samples, as the simultaneous decrease in C V N and increase in C V Nb lead to perfect compensation. This is in good agreement with the nanoindentation experiments, which show that these two samples have the same modulus. However, the measured moduli of 315 ± 13 and 319 ± 19 GPa are 25% smaller than the predicted M 100 = 425 GPa if considering the vacancies, and 6% or 13% smaller than E isotropic = 335 GPa or M 100 = 361 GPa predicted for stoichiometric NbN. This 6-25% disagreement between experiment and density functional predictions may be attributed to either experimental or theoretical uncertainties. The experimental uncertainties primarily arise from microstructural effects on the nanoindentation measurements, including residual stresses, compositional nonuniformity, surface roughness, layer underdensity, and the inclusion of misoriented grains and/or secondary phase particles. Computational uncertainties arise from the small simulated cell which lead effectively to ordered defect arrays, from nonharmonic elastic constants, from the approximations to determine the indentation modulus from the calculated elastic constants, and from the GGA which is known to overestimate lattice constants and also may cause inaccuracies in the elastic constants of 10-20% [66] . Fig. 4 shows the resistivity ρ of NbN x layers as a function of their growth temperature, measured both at room temperature (290 K) and 77 K. The room temperature resistivity decreases continuously from ρ 290K = 473 μΩ cm for T s = 600°C to a minimum ρ 290K = 171 μΩ cm for T s = 900°C, and then increases again to ρ 290K = 401 μΩ cm for T s = 1000°C. The data for 77 K shows a similar trend, decreasing from ρ 77K = 646 to 155 μΩ cm for T s = 600-900°C, and increasing to ρ 77K = 637 μΩ cm for T s = 1000°C. The resistivity at low temperature is higher for all but the T s = 900°C layer, indicating that carrier localization effects dominate electron transport. A similar negative temperature coefficient of resistivity (TCR) has been reported for other epitaxial transition metal nitride layers and has been attributed to a weak Anderson localization due to (i) N-vacancies for CrN(001) [89, 90] , WN(111) [29] , and HfN x (001) [27] ; (ii) anti-site substitutions for TaN x (001) [24] ; (iii) random cation solid solutions for Sc 1 −x Ti x N(001) [91] , Ti 1 −x W x N(001) [52] , and Sc 1−x Al x N(001) [92] ; and (iv) random cation solid solutions for NbC x N 1−x (001) [93] . Consistent with this observation, we attribute the changes in ρ with deposition temperature of NbN x /MgO(001) layers primarily to carrier localization effects, which themselves are controlled by the crystalline quality and the vacancy concentrations. More specifically, the resistivity decreases with increasing T s b 900°C and increases for T s N 900°C. This trend perfectly matches the trend in crystalline quality observed by XRD, which show the highest crystalline quality for T s = 900°C, corresponding to the lowest defect-induced carrier localization and therefore the lowest resistivity. In fact, ρ 77K b ρ 290K for T s = 900°C, which corresponds to a metallic TCR and suggests either (i) competing effects of carrier localization and resistivity due to phonon-scattering, with the second effect dominating, or (ii) conventional metallic conduction with, however, defect scattering dominating over phonon scattering since ρ 77K is only 9.6% lower than ρ 290K . In addition, carrier localization is also affected by the vacancy concentrations. In particular, ρ for T s = 1000°C is larger than for T s = 800°C, although its crystalline quality is higher. This is attributed to localization due to vacancies. In particular, C V N = 10% and C V Nb =8% for T s = 800°C and C V N = 14% and C V Nb = 6% for T s = 1000°C, indicating that both vacancy concentrations change with T s and the total point defect concentration is slightly larger for T s = 1000°C than T s = 800°C.
Conclusions
Density functional calculations using the generalized gradient approximation indicate that the formation energy of nitrogen and niobium vacancies in NbN are relatively small, 1.00 and − 0.67 eV at zero temperature and −0.53 eV and 0.86 eV at experimental temperatures, respectively. In contrast, anti-site substitutions and interstitials have considerably higher formation energies and are unlikely to form during NbN thin film deposition. The predicted elastic constants of NbN are c 11 = 641 GPa, c 12 = 140 GPa, and c 44 = 78 GPa. Introduction of N or Nb vacancies leads a slight reduction in the bulk modulus but a considerable increase in the elastic modulus. NbN x layers deposited by reactive magnetron sputtering on MgO(001) substrates in 5 mTorr pure N 2 at T s ≥ 800°C are epitaxial layers with a cube-on-cube relationship to the substrate: (001) NbN ||(001) MgO and [100] NbN ||[100] MgO , but the layer grown at T s = 900°C also contains small inclusions of hexagonal-phase grains. X-ray diffraction analyses indicate a small in-plane compressive strain of −0.0008 ± 0.0004 for all epitaxial samples, and a relaxed lattice constant that decreases approximately linearly from 4.372 Å for x = 0.81 to 4.363 Å for x = 0.98. This decrease indicates, in combination with calculated lattice constants for pure and point-defect containing NbN, that the NbN layers contain N and Nb vacancies with decreasing and increasing densities, respectively, from C V N = 21% and C V Nb =3% for x = 0.81, to C V N = 10% and C V Nb =8% for x = 0.98. The NbN 0.98 (001) layer deposited at T s = 800°C has a hardness H = 17.8 ± 0.7 GPa. T s = 900°C leads to the highest crystalline quality with in-plane and out-of-plane x-ray coherence lengths of 4.5 and 13.8, but also the formation of hexagonal grains within the epitaxial cubic matrix, leading to an increased H = 28.0 ± 5.1 GPa. The high crystalline quality of this layer is attributed to the limited nitrogen on the growing NbN(001) surface, which leads to a relatively high Nb adatom diffusion but also a large nitrogen vacancy concentration of 21%. The measured elastic moduli for the epitaxial phase-pure layers deposited at 800 and 1000°C are 315 ± 13 and 319 ± 19 GPa, respectively. These values are slightly smaller than the first-principles predictions for the stoichiometric NbN isotropic elastic modulus E isotropic = 335 GPa and indentation modulus M 100 = 361 GPa. Considering the expected N and Nb vacancies yield a larger predicted M 100 = 425 GPa. The electrical resistivity is dominated by carrier localization and strongly depends on T s . It ranges from 171 to 437 μΩ cm at room temperature and from 155 to 646 μΩ cm at 77 K.
